We incorporate the prediction of flicker to a semiphysical and analytical model describing the angular and wavelength dependencies of retardance in parallel aligned liquid crystal (PA-LC) devices. This makes the model unique due to the wide range of calculation it offers while keeping its simplicity. Prediction of the modulation of retardance and its associated flicker relies on the fitting of the equivalent tilt angle of the molecules as a function of applied voltage. Specific results are given for liquid crystal on silicon (PA-LCoS) microdisplays, central to many spatial light modulation applications such as the generation of structured polarized beams. Experimental characterization results at arbitrary angles and wavelengths prove the predictive capability of the model. To highlight the richness of situations with PA-LCoS devices, we provide results for two different digital addressing sequences producing different levels of flicker. We focus on the application of the PA-LCoS as a polarization state generator (PSG) and we emphasize the ability of our approach to evaluate the performance across the visible spectrum and for a wide range of incidence angles. Our approach offers novel capabilities in the generation of arbitrary states of polarization, both fully and partially polarized.
INTRODUCTION
Parallel-aligned liquid crystal on silicon (PA-LCoS) microdisplays have found widespread application in many spatial light modulation applications [1] - [3] , which typically require phase-only modulation. Within this context, in recent years, a wide interest has arisen dealing with the generation and detection of unconventional polarization structured wavefronts [4] [5] in which PA-LCoS devices play a central role [6] [7] . The device can be easily modeled as a variable linear retarder, however, the existence of flicker in many of these devices has resulted in the proposal of more complete models and characterization methods, such as in the time-averaged Stokes polarimetric technique [8] .
Recently, as an alternative to "black-box" models, we proposed and demonstrated a semiphysical model for PA-LC devices [9] , where only the most relevant internal parameters remained. This semiphysical model provides the voltage dependent retardance for a very wide range of incidence angles (from 0 to 45º) and any wavelength in the visible spectrum. We apply a straightforward reverse-engineering approach to fit its three parameters from a very limited amount of experimental measurements. This is the most simplified model still showing predictive capability for PA-LCoS devices. Recently, we further demonstrated that the fitted values obtained for two of the three parameters in the model are equal to the actual values. Thus, the model shows not only predictive capability but it also enables to probe into the internal properties of PA-LCoS devices [10] [11] . A very significant progress was demonstrated recently [12] , where we showed that the model predicts not only the retardance but also the magnitude of its flicker at other wavelengths and incidence angles different from the measured ones. This enables to calculate the degradation effects due to phase flicker and if they are limiting the performance of specific applications. Furthermore, from the point of view of the physics in the device, it is very appealing connecting the flicker in the retardance with instabilities in the tilt angle for the LC director. In this work we show the model and demonstrates its wide range of potential application. Next, we present the semiphysical model for PA-LC devices, whose agreement with experimental measurements was already verified for a commercial reflective PA-LCoS device [9] . We have further shown [10] that the fitted values obtained for two of the three parameters in the model are equal to the actual values, thus these parameters are physically meaningful. In Figure 1 we show the general diagram considered for a reflective cell with a cell gap d . Incidence plane and LC director are along the XZ plane. LC molecules have their director axis (optical axis) aligned at an angle  with respect to the traversing light beam direction. LC  is the refraction angle in the LC medium. The director axis tilts an angle  with respect to the entrance face as a function of the applied voltage V. This is the only voltage dependent magnitude, i.e.   V  . At the backplane the light beam is reflected and a second passage is produced across the LC layer whose effect is equivalent to a forward propagation at an angle inc   . In the model we define two off-state parameters, combination of the LC indices ordinary and extraordinary, no and ne, together with the cell gap d . They are o OPL dn  and OPD d n   , which correspond respectively to the magnitudes of the optical path length (OPL) for the ordinary component and the optical path difference (OPD) between extraordinary and ordinary components. Proper derivation leads to the following analytical expression for retardance [9] ,
MODELLING RETARDANCE AND FLICKER BASED ON MOLECULAR TILT
According to Figure 1 , angle  is given by,
, where the minus (plus) sign applies for the forward (backward) passage. The total retardance in the PA-LCoS is given by the addition of the forward and backward retardances. In the case of normal incidence and LC director axis parallel to the entrance face, then Eq. (1) simplifies into the well-known expression
We note that in our previous works [9] [10] , as candidate to simplified physical model, we also evaluated the exact expressions for a homogeneous uniaxial anisotropic plate [13] [14] . Both models disregard the fact that the tilt angle of the LC director changes across the cell. Our model adds a second approximation, since it does not take into account the double refraction. However, we obtained that both simplified models show the same level of predictive capability, with the benefit that our model produces a much simpler expression and reduces the number of parameters when compared with these exact expressions. Additionally, when fitting the parameters, our model converges to a unique solution, whose values are equal to the real physical values in two of its three parameters: OPD and tilt angle   V  . This was not the case with the exact expressions.
The reverse-engineering approach to obtain the values for the parameters in our semiphysical model employs the average retardance  measurements provided by the time-averaged Stokes polarimetric technique [8] . Off-state measurements, LCoS switched-off, are used to obtain OPL and OPD using standard non-linear iterative fitting procedure. Once these two parameters are fixed, then we proceed with the on-state measurements to obtain the tilt angle   V  for each applied voltage. The time-averaged Stokes polarimetric technique provides both the average retardance  and its flicker amplitude  at each applied voltage [9] . According to this, we define the maximum and the minimum expected retardance value respectively as     and    . In this paper, using these values in the fitting procedure we obtain the tilt angles   . In the next Section, we will show the results obtained.
SIMULATED RESULTS
In the experiments we use a commercially available PA-LCoS microdisplay, model PLUTO distributed by the company HOLOEYE. Its backplane is digitally addressed [15] and different pulse width modulation (PWM) addressing schemes (digital addressing sequences) can be generated by the driver electronics [15] [16] . We have selected two electrical sequences exhibiting a clearly different scale of fluctuations, whose configuration files are provided with the software. They correspond to the configurations labeled as "18-6 633 2pi linear" and "5-5 633 2pi linear".
The time-averaged Stokes polarimetric measurements have been obtained with a Stokes polarimeter, model PAX5710VIS-T distributed by the company THORLABS [8] . Measurements have been taken at various angles of incidence (3º, 23º, 35º and 45º) and for three wavelengths (473, 532 and 633 nm) sampling the visible spectrum. We will use the measurements taken at 3º and 35º for calibration, and then the measurements at 23º and 45º will be used to analyze the predictive capability of the semiphysical model. The figure of merit to be minimized combines two squared differences: on one hand between theoretical and experimental retardance values normalized by the experimental value, and on the other hand between the theoretical and experimental ratios of the retardance values at 3º and 35º incidence normalized by the experimental ratio. These two normalized squared differences are added up for the three wavelengths. First, we obtain the values for OPL and OPD using the off-state retardance measurements at angles of incidence 3º and 35º. In Table 1 we show the fitted values. We fix these values in the theoretical expressions for the semiphysical model. Then, we use the on-state average retardance and flicker amplitude values for incidence angles at 3º and 35º as the experimental values for the fitting procedure with the theoretical expressions. From the average retardance fit we obtain the tilt angle as a function of voltage   V  . We proceed identically with the maximum     and the minimum     experimental values to calculate, as explained in Section 2, the flicker in the tilt angle ( ) V   . In Fig. 2(a) we show the tilt angle   V  as a function of the gray level addressed with the graphics card, which is related with the applied voltage. We see the resulting values for the two sequence format configurations, 5-5 and 18-6, previously presented. The tilt angle increases monotonically with the gray level, i.e. the applied voltage increases with the gray level.
The result obtained for the tilt flicker ) (V   for the two sequences is shown in Fig. 2(b) as a function of gray level. Both sequences exhibit a very different behavior for the tilt flicker: for sequence 5-5 is clearly smaller and increases with gray level, whereas for 18-6 it reaches a maximum value about 4.5º and then stays basically constant. We also note in the tilt flicker a series of jumps, which are related with one of the bit planes in the digital sequence changing its state from ON to OFF or viceversa [15] [16] . At very low gray levels (low tilt angles) we see that the tilt flicker increases, especially for sequence 5-5 where it reaches a value larger than 3º. This flicker is not real: we showed in an earlier paper [17] (see Fig. 6 therein) that at 0 gray level there is no flicker for these sequences 5-5 and 18-6. The origin for this "apparent" tilt flicker comes from the kind of experimental measurements that we use to fit the parameters in the model, as we recently analyzed [12] . In Fig.2(b) , we have marked with a vertical dashed line the point where the tilt flicker reaches a minimum: at about 20 gray level (14º tilt angle). At lower gray levels (tilt angles), the real tilt flicker actually continues decreasing (in the off-state this would be exactly 0º). Thus, in the plot we have labelled this region as "apparent tilt flicker". Fig. 3 . Experiment (dots) and theoretical prediction with the proposed model (line) for sequence formats 5-5 ((a1) and (b1)) and 18-6 ((a2) and (b2)), for the wavelengths 473, 532 and 633 nm and for incidence at 23º ((a1) and (a2)), and at 45º ((b1) and (b2)). Now, we analyze the usefulness of the model and its calculated average and flicker retardance values to predict the SOP and DoP for the light reflected by the PA-LCoS device. We consider that the incident SOP corresponds to right-handed circular light. We provide measurements and calculations for the wavelength 473 nm, for the sequence 5-5 and for different angles of incidence. In Fig. 4 we show the maximum range of SOP modulation that is possible with our current PA-LCoS and for sequence 5-5. When using the shorter wavelength, 473 nm, and with light incident perpendicularly to the entrance face of the PA-LCoS is when we obtain the larger modulation range. Agreement between experiment and model is very good, thus showing the accuracy and usefulness of the model in order to design appropriate working configurations (incidence angles, illumination wavelenths), gray level ranges,… adapted to the specific application in mind. We note that more results were given recently [12] .
(a) (b) (c) Fig. 4 . For sequence format 5-5 and for incident SOP right-handed circular, for 473 nm and at 3º incidence, in plots (a) for the Stokes parameters and in (b) for DoP, experiment (dots) and theoretical prediction with the proposed model (line), and in plots (c) representation on the Poincaré sphere, where the dark line is simulation and gray line is experiment.
CONCLUSIONS
We have demonstrated a complete model for parallel aligned liquid crystal (PA-LC) devices for both retardance and flicker. It is the first time that flicker in the retardance can be predicted for PA-LC devices. The model provides the equivalent flicker in the tilt angle of the LC molecules. The model is valid across the whole visible spectrum and for a wide range of incidence angles. We demonstrate its usefulness to generate both fully and partially polarized states of polarization
